Ideal integrating nephelometers integrate light scattered by particles over all directions. However, real nephelometers truncate light scattered in near-forward and near-backward directions below a certain truncation angle ͑typically 7°͒. This results in truncation errors, with the forward truncation error becoming important for large particles. Truncation errors are commonly calculated using Mie theory, which offers little physical insight and no generalization to nonspherical particles. We show that large particle forward truncation errors can be calculated and understood using geometric optics and diffraction theory. For small truncation angles ͑i.e., Ͻ10°͒ as typical for modern nephelometers, diffraction theory by itself is sufficient. Forward truncation errors are, by nearly a factor of 2, larger for absorbing particles than for nonabsorbing particles because for large absorbing particles most of the scattered light is due to diffraction as transmission is suppressed. Nephelometers calibration procedures are also discussed as they influence the effective truncation error.
I. INTRODUCTION
An ideal integrating nephelometer integrates light scattered by an aerosol over all directions, that is over 4 steradians. [1] [2] [3] [4] [5] The total extinction is a sum of scattering into 4 steradians and the extinction due to absorption. If the aerosol's refractive index is a real number, it exhibits no absorption and all extinction is caused by the scattered light.
Real nephelometers are not ideal, but introduce various systematic errors influencing the measured value. [6] [7] [8] In particular, a fraction of the near-forward and near-backward scattered light is not measured. This is known as angular truncation error T, which is a function of the truncation angle ␣ ͑typical value: ␣ϭ7°). For particles large compared to the wavelength of the scattered light, this truncation error is generally larger than other systematic measurement errors and can become as large as a factor of 2. While truncation errors have been discussed previously, 4, [9] [10] [11] [12] [13] [14] understanding of this phenomenon is still limited. Additional angular nonidealities, 7 which may arise from the use of a nonLambertian diffuser, are not included in this discussion.
In this article, truncation errors for homogeneous, spherical particles are calculated using Mie theory for a matrix of size parameters and truncation angles. The refractive index of the surrounding medium is taken to be unity, appropriate when considering particles in the atmosphere. Extension to other real refractive indices for the surrounding medium is trivial. A physical explanation of features that occur in the exact Mie theory is given for several limiting cases using Rayleigh scattering, diffraction, reflection, and transmission theory. Comparison of these approximate results with Mie theory outlines the size parameters and truncation angles at which the various approximations are useful. None of our calculations considers the particle size distributions or the bandwidth of the nephelometer wavelength response, but instead results are given as function of size parameter. This furthers direct physical understanding and not much is lost in terms of direct applicability, as size distribution and wavelength response have to be tailored to the aerosol and nephelometer characteristics, respectively. As truncation errors can occur during both nephelometer calibration and use, calibration procedures and their influence on truncation errors are also discussed.
Ideally nephelometer truncation angles should be reduced well below the common truncation angle of 7°to facilitate the accurate measurement of total scattering from coarse particles. In practice, no significant improvements have been made over the last few decades. As a consequence these conventional nephelometers ͑such as the TSI 3563͒ are well suited for the measurement of total scattering from accumulation mode particles ͑i.e., volume mean diameters between 0.2 and 0.4 m͒ with nonidealities introducing uncertainties less than 10%. 6 However, for coarse particles ͑diameters greater 1 m͒ these errors increase dramatically to 20%-50%, 6 indicating that these nephelometer are not well suited for the measurement of total scattering from coarse particles. Very recently, an integrating sphere integrating nephelometer with truncation angles of 1°has been developed. 15 Truncation losses for this nephelometer are less than 25% for nonabsorbing particles with diameters below 16 m, making it well suited for the measurement of total scattering from ambient coarse particles.
In practice, some nephelometers yield measurements at multiple wavelengths, which may be useful for the correction of truncation errors. It has been shown, for field measurements at a coastal station, that truncation errors for sub-m particles are small and well correlated with the wavelength dependence of the scattering, while truncation errors for super-m particles are large and poorly correlated with the wavelength dependence. 8 Therefore, correction of truncation errors from multiwavelength nephelometers data seems feaa͒ Author to whom correspondence should be addressed; electronic mail: hansm@dri.edu sible only for sub-m particles. The calculations in this publication and the resulting understanding also fully apply to near-forward scattering errors in extinction measurements. Here, a certain angular part of the near-forward scattering is included in the measurement of transmitted beam power, thereby indicating an extinction that is less than the actual extinction.
For incoherent scattering from j identical particles randomly located within a scattering volume V, uniformly illuminated with irradiance I 0 , the power dP Sca (,)/d⍀ scattered into the solid angle d⍀ at a scattering angle and an azimuthal angle , can be written as
where dC Sca (,)/d⍀ is the differential scattering cross section, C Sca is the scattering cross section ͑the differential scattering cross section integrated over 4 steradians͒, and p(,) is the scattering phase function that describes the angular distribution of the scattered power. Equation ͑1a͒
implies that the phase function is normalized to one:
͑Note that normalization of phase functions to 4 is also in common use.͒ In addition to scattering cross sections C Sca ͑dimension of area͒, we use scattering coefficients ͑dimen-sion of inverse distance͒ for ensembles of particles, where
The fractional forward ͑backward͒ truncation error T F (T B ) is the power P F (␣ F )͓ P B (␣ B )͔ of the light near-forward ͑back-ward͒ scattered into a cone with half-angle ␣ F (␣ B ) ͑this is the truncation angle͒ as a fraction of the total ͑into 4 steradians͒ scattered power P 4 and can be written as
and
Defining the phase function p() as the result of the integration over the azimuthal angle in Eqs. ͑3͒, these equations simplify to
The integrals in Eqs. ͑4͒ need to be evaluated with phase functions obtained for particles of different size and refractive index. Particle size is expressed as the size parameter x, the ratio of particle circumference d to optical wavelength :
where d is the particle diameter. The refractive index m is a complex number with a real component n, responsible mainly for refraction and reflection and an imaginary component k, responsible mainly for absorption with
mϭnϩik, ͑6͒
where the bulk absorption coefficient is 4k/.
II. NEPHELOMETER CALIBRATION
Most of this article is concerned with the calculation of truncation errors with Eqs. ͑4͒. These calculations would be sufficient if nephelometers could directly measure the truncated scattering coefficient (␣ F ,␣ B ), the scattering coefficient within their acceptance angles
where ϭ(␣ F ϭ0,␣ B ϭ0) is the total scattering coefficient one would like to measure and F(␣ F ,␣ B ) is called the truncation function. However, real nephelometers do not directly measure (␣ F ,␣ B ) but give a signal S that is some function of (␣ F ,␣ B ). This relationship can be expressed for small scattering coefficients in the form of a Taylor expansion as
For typical nephelometers, the linear part of the expansion ͓Eq. ͑8a͔͒ describes the signal S accurately enough over the entire measurement range, resulting in
where 
where we distinguish between the actual truncation angles ␣ F_Neph and ␣ B_Neph and the truncation angles ␣ F_Coeff and ␣ B_Coeff used to determine the truncated scattering coefficients (␣ F_Coeff ,␣ B_Coeff ). The determination of the truncated scattering cross sections requires knowledge of the nephelometer truncation angles and the phase functions of the calibration media. From Eq. ͑8c͒, the calibration constants K and W are
If the nephelometer is correctly calibrated with correctly truncated scattering coefficients 1 and 2 for its actual truncation angles, that is ␣ F_Coeff ϭ␣ F_Neph and ␣ B_Coeff ϭ␣ B_Neph , the truncated scattering coefficient Sample (␣ F_Neph ,␣ B_Neph ) for a sample can be obtained as
If the phase function for the sample is known, the scattering coefficient of the sample Sample ϭ Sample (␣ F_Neph ϭ0,␣ B_Neph ϭ0) can be calculated with Eq. ͑7͒ as
If a gas is used for calibration, its phase function is the wellknown Rayleigh phase function. For homogeneous, spherical calibration aerosols with known size distributions and refractive indices, phase functions can be readily calculated using Mie theory. Truncation angles for integrating nephelometers are commonly known and therefore the truncated scattering coefficient Sample (␣ F_Neph ,␣ B_Neph ) for a sample can be obtained from Eq. ͑9a͒. The last step, obtaining the integrated scattering coefficient Sample ϭ Sample (␣ F_Neph ϭ0,␣ B_Neph ϭ0) from Eq. ͑9b͒, is unfortunately often impossible as the effective phase function of a sample aerosol is generally unknown. Possible solutions to this problem include using a nephelometer with small truncation angle, measuring or estimating the aerosol size distribution and calculating the phase function, measuring the phase function with a polar nephelometer, or using a polar nephelometer instead of an integrating nephelometer in the first place. 19 However, polar nephelometers have related systematic errors depending on their angular resolution and truncation errors. 20 This should be the end of the calibration story. However, it seems to be common practice to neglect calibration truncation errors and to use (0,0)ϭ(␣ F_Coeff ϭ0,␣ B_Coeff ϭ0) instead of (␣ F_Coeff ,␣ B_Coeff ) in Eqs. ͑8d͒ and ͑8e͒ to determine K and W, even if ␣ F_Neph 0 and ␣ B_Neph 0. This practice may be justified if a nephelometer has small truncation angles and calibration media, without pronounced near forward and near backward scattering peaks, e.g., gases are used. In this case, neglecting the calibration truncation error may not decrease nephelometer accuracy significantly. 6 If calibration truncation errors are neglected ͑i.e., ␣ F_Coeff ϭ␣ B_Coeff ϭ0), the calibration procedure yields coefficients K 0 and W 0 instead of the true values of K and W where
Measuring the scattering coefficient of a sample with a nephelometer calibrated using the calibration constants K 0 and W 0 instead of K and W yields a scattering coefficient Sample_0 of the sample as
where S Ratio is defined as
If the sum of the fractional forward and backward truncation errors are identical for calibration media 1 and 2, e.g., using two calibration gases,
and Sample_0 can be related to Sample as
Equation ͑11d͒ confirms the common physical understanding that if one calibrates a nephelometer with two gases ͑identi-cal truncation errors͒, without considering calibration truncation errors, the nephelometer is correctly calibrated to measure the un-truncated scattering coefficient of a gaseous sample. In Eq. ͑11d͒ this corresponds to F Cal ϭF Sample , resulting in Sample_0 ϭ Sample . In conclusion, to understand nephelometer calibrations and to correctly interpret nephelometer measurements, one needs to be aware of the phase functions for the calibration media, the nephelometer truncation angles, and if the calibration procedure has accounted for the resulting calibration truncation errors.
III. MIE THEORY
Light scattering and absorption by homogeneous spherical particles is described by Mie theory. 21 With the ready availability of powerful personal computers and Mie codes, 22, 23 numerical solutions to scattering problems involving homogeneous spherical particles can be readily calculated. However, approximate solutions of scattering problems are still valuable to gain a physical understanding of the scattering process and for generalization to nonspherical particles. 24, 25 To evaluate the truncation errors T F (␣) and T B (␣), first the Mie phase function p Mie () is evaluated for different size parameters x and refractive indices with the Mie code BHMIE. 23 The phase function was calculated for one thousand ͑1000͒ values of the size parameter x, chosen to be equidistant on a logarithmic scale, ranging from very small (xϭ0.1; e.g., dϭ0.0175 m at ϭ0.55 m͒ to very large (xϭ1000; e.g., dϭ175 m at ϭ0.55 m͒ particles. The extreme sizes were chosen to show the convergence of results obtained from Mie theory with those obtained from geometric optics plus diffraction for very large particles and with those obtained from Rayleigh theory for very small particles. Optically very small particles are commonly found in the nuclei mode, 26 and very large particles may be found in clouds, albeit generally not in spherical shape. 27 The phase function was calculated for scattering angles ranging from 0°to 180°. To resolve the sharp near-forward scattering lobe for large x, an angular resolution for of 0.025°was used. Refractive indices representative for dry atmospheric aerosol were chosen as m non-abs ϭ(1.50,0.0) for nonabsorbing aerosol, and m abs ϭ(1.50,0.5) for light absorbing aerosol. The integrations in Eqs. ͑4͒ were solved numerically using a fivepoint Newton-Cotes integration formula yielding the forward and backward truncation errors T F (␣,x) and T B (␣,x), which are shown in Figs. 1͑a͒-1͑d͒ for m mon-abs and m abs .
One notes that for very small particles, forward and backward truncation errors are identical and independent of the refractive index used ͑i.e., Rayleigh regime͒. They increase gradually from ϳ0 at small angles to 0.5 at 90°. For larger nonabsorbing particles the truncation errors exhibit significant oscillations as a function of particle size-these oscillations are strongly damped for absorbing particles. For large (xу100) nonabsorbing particles, the forward truncation error increases from 0 at 0°to about 0.5 at very small angles ͑i.e., Ͻ2°͒, then slowly and gradually increases to near 1 at 90°. For large (xу100) absorbing particles, the forward truncation error increases from 0 at 0°to near 1 at very small angles, then remains near constant and increases only very slowly for larger angles. For large particles (x ӷ1) forward truncation errors T F are much larger than backward truncation errors T B , as evident from Figs. 1͑a͒-1͑d͒ and from the T F /T B ratios shown in Figs. 1͑e͒ and 1͑f͒ . Because truncation errors can largely be neglected for small particles, the article focuses on the dominant forward truncation errors. In the following, the properties as described above and shown in Fig. 1 are discussed in the context of both the small particle and the large particle approximations.
IV. SMALL PARTICLE APPROXIMATION "RAYLEIGH REGIME…
For small particles (xӶ1), the scattering can be described by the Rayleigh approximation. The phase function in this regime can be expressed as
This phase function can be integrated analytically and yields identical forward and backward Rayleigh truncation errors T Ray with
This functional dependence of Rayleigh truncation errors on the cutoff angle ␣ is shown in Fig. 2 . In this small particle Rayleigh approximation, the truncation errors are independent of refractive index and particle size. Truncation errors in the Rayleigh regime are quite small for typical nephelometer truncation angles ͓e.g., T Ray (7°)ϭ0.56%]. In addition, these errors can be eliminated through the calibration procedure if the nephelometer has been calibrated with gases, which is the most common calibration procedure. Note that Eq. ͑12͒ ͓and consequently Eq. ͑13͔͒ is exact only for spherical scatterers as appropriate for comparison with Mie theory. An equation for the phase function of anisotropic molecules has been given by Chandrasekhar. 28 The application of this equation to air has been discussed by Bucholtz. 29 For the nonspherical molecules making up the majority of air, Eq. ͑4͒ is in error by typically less than 1.5%.
V. LARGE PARTICLE APPROXIMATION
For a particle very large compared to the wavelength (xӷ1), the total extinction cross section C Ext is twice the geometric cross section G (C Ext ϭ2 Gϭ0.5 d
2 ). All energy incident on the geometric cross section of a particle is scattered or absorbed, i.e., in any way removed from the proceeding wave. This gives an effective extinction crosssection equal to G, the geometric area. In addition, diffraction forms an angular pattern that is identical to the FIG. 1. ͑Color͒ Truncation error from Mie theory as function of size parameter x and truncation angle ␣: ͑a͒ forward direction, nonabsorbing particles; ͑b͒ forward direction, absorbing particles; ͑c͒ backward direction, nonabsorbing particles; ͑d͒ backward direction, absorbing particles; ͑e͒ ratio of forward and backward directions, nonabsorbing particles; and ͑f͒ ratio of forward and backward directions, absorbing particles. diffraction through a hole of area G by Babinet's principle. This gives diffraction ͑i.e., near-forward scattering͒ again with a cross section G. The total extinction cross section is therefore the sum of the two, equal to 2G in the large particle limit. 30 The total scattering cross section C Sca ϭ 0 C Ext ϭ2 0 G depends on the single-scattering albedo 0 ϭC Sca /C Ext of the particle.
The phase function in the large particle approximation p LP can be written as the sum of the transmission, reflection, and diffraction phase functions ͑i.e., p T , p R , p D , respectively͒, each weighted by the contribution of the respective process to the total scattering cross section, as
and consequently the forward truncation error in the large particle approximation T F_LP becomes
with
where all phase functions are properly normalized to one ͓see Eq. ͑1b͔͒. Equations ͑14͒ represent an approximation that neglects the interference between transmitted, reflected, and diffracted light. 31 Phase functions for scattering due to transmission, reflection, and diffraction from spheres with complex refractive index have been given in the form of a ''gain'' by Liou and Hansen. 32 Note however, that their expressions for u and v ͓in their Eq. ͑7͔͒ contain a typographical error; the correct expressions are shown as part of Eq. ͑2.10͒ in Hansen and Travis. 
A. Scattering due to external reflection
The phase function for scattering due to external reflection from spheres with complex refractive index can be written as
where C Sca /(2 0 ) is the geometric cross section G of the particle, the two fractions in round brackets contain the s-and p-polarized contributions, respectively, and u R and v R can be expressed as 
where C Sca /2 is the geometric cross section G of the particle. The resulting forward truncation error for external reflection is calculated from Eq. ͑4a͒ and can be seen in Fig. 3 for both nonabsorbing ͓i.e., m non-abs ϭ(1.5,0.0)] and absorbing ͓i.e., m abs ϭ(1.5,0.5)] particles. For all angles of interest ͑i.e., ␣р90°), the forward truncation error for nonabsorbing particles is slightly larger than that for absorbing particles. At a typical truncation angle of 7°, the forward truncation error due to reflection T F_R is only a few percent, that is T F_R (m non-abs ,␣ϭ7°)ϭ3.2%
and T F_R (m abs ,␣ϭ7°) ϭ2.2%. Note that this truncation error would be directly applicable only if reflection constituted the only scattering process. Therefore, Eq. ͑14b͒ must be used to calculate the compounded truncation error from all scattering processes.
B. Scattering due to transmission with refraction
For particles with a small product of imaginary part k of the refractive index and size parameter x ͑i.e., small kx͒, some of the light incident on the particle is refracted twice and transmitted, contributing to the scattering. In addition, some of the transmitted light undergoes internal reflections. For the refractive indices considered here, the contribution of internally reflected light to the total scattering cross section is on the order of a few percent or less. At certain scattering angles, internally reflected light can make a significant contribution leading to rainbows. However, scattering angles for primary and secondary rainbows are larger than 90°for refractive indices of mϾ1.116 ͑primary rainbow͒ and m Ͻ1.518 ͑secondary rainbow͒ and therefore do not contribute to forward truncation errors for m non-abs ϭ(1.5,0.0). Therefore, transmitted light that has undergone internal reflections can be neglected here.
Phase functions for transmitted light ͑including those corresponding to single or multiple internal reflections͒ can be found in Liou and Hansen. 32 However, we are not aware of an analytical form for any of these phase functions as a function of the scattering angle . Instead, the angle between incident beam and sphere surface is used most of the time. For light transmitted with refraction but without internal reflection, the scattering angle can be written as a function of as
with 0рр2 arc cos(1/n) for /2уу0. The phase function p T for light transmitted with refraction but without internal reflection can be written as
where C Sca /(2 0 ) is the geometric cross section G of the particle, 1Ϫ͉r 1 ͉ 2 and 1Ϫ͉r 2 ͉ 2 contain the s-and p-polarized contributions, respectively, and ͉r 1 ͉ 2 and ͉r 2 ͉ 2 can be expressed as
where
The scattering phase function p T is independent of particle size only for nonabsorbing particles ͑i.e., kϭ0 and consequently 0 ϭ1). In this case, Eqs. ͑18͒ simplifies considerably and the phase function becomes
where in the final bracket the term ''1'' corresponds to the s-polarized and the term ''sec 4 (/2)'' to the p-polarized component.
The resulting forward truncation error for transmission is calculated from Eq. ͑4a͒ and can be seen in Fig. 3 for large nonabsorbing ͓i.e., m non-abs ϭ(1.5,0.0)] particles. No light is transmitted at angles Ͼ2 arccos(1/n) ͓see Eq. ͑17͔͒ and the truncation error for transmission is constant above this angle. For strongly absorbing ͑i.e., kxϾ2) particles, virtually no light is transmitted due to the exponential factor in Eq. ͑18a͒-in this case the extinction is due to diffraction, reflection, and absorption. Therefore, the contribution of transmission phase functions to truncation errors is negligible for strongly absorbing particles. For nonabsorbing particles ͓i.e., m non-abs ϭ(1.5,0.0)], the truncation error due to transmission is smaller than that due to reflection for ␣р3.1°, while at larger angles of interest ͑i.e., 3.1°р␣р90°) it is larger. At a typical truncation angle of 7°, the forward truncation error due to transmission T F_R is only a few percent, i.e., T F_T (m non-abs ,␣ϭ7°)ϭ3.6%. Note that this truncation error would be directly applicable only if transmission constituted the only scattering process. Therefore, Eq. ͑14b͒ must be used to calculate the compounded truncation error from all scattering processes.
C. Scattering due to diffraction
The near-forward scattering by large spherical particles (xӷ1) can be described in the far field by Kirchhoff diffraction theory for a circular aperture independent of the particle refractive index. ͑Obviously, this is not true if the particles refractive index equals that of the surrounding medium, i.e., in this case there is no ''optical particle.''͒ The diffraction scattering cross section C Sca_D equals the geometric cross section and the diffraction phase function p D can be written for large x as
where most of the scattered power is contained in the near forward direction. The forward truncation error for light scattered through diffraction T F_D ͓Eq. ͑4a͔͒ becomes
This integral can be solved analytically through substitution ͑i.e., for x sin ), use of common Bessel function identifies, use of the product rule, and of the small angle approximation ͑i.e., cos Ϸ1Ϫ 2 and sec Ϸ1ϩ 2 ), yielding
The forward truncation error for light scattered through diffraction T F_D depends only on the product of size parameter and sine of the truncation angle, that is (x sin ␣). This truncation error T F_D is shown in Fig. 3 for very large ͑i.e., x ϭ1000; e.g., dϭ175 m at ϭ0.55 m͒ particles. At small angles it is much larger than the truncation errors due to either reflection or transmission, with T F_D (xϭ1000, ␣ ϭ7°)ϭ99.5%. Consequently, for very large particles only very little of the diffracted light is measured by a nephelometer with a typical forward truncation angle of 7°. Note that this truncation error would be directly applicable only if diffraction constituted the only scattered process. This is approximately the case for large particles and small truncation angles. Otherwise, Eq. ͑14b͒ must be used to calculate the compounded truncation error from multiple scattering processes.
VI. COMPARISONS WITH MIE THEORY

A. Small particle approximation as function of truncation angle
For the refractive indices used for our Mie calculations, Rayleigh truncation errors ͓Eq. ͑5͔͒ agree very well with those from Mie calculation for xϭ0.1 as shown in Fig. 2 . Mie results converge towards the Rayleigh equation ͓i.e., Eq. ͑5͔͒ for x→0, explaining the identical forward and backward truncation errors independent of refractive index as seen in Fig. 1 .
B. Large particle approximation as function of truncation angle
For very large (xϭ1000; e.g., dϭ175 m at ϭ0.55 m͒ particles, the forward truncation error calculated due to the sum of diffraction, reflection, and transmission shows excellent agreement with Mie theory ͓Figs. 4͑a͒ and 4͑b͔͒. For small truncation angles, the truncation errors are nearly exclusively caused by diffraction. Even at a typical forward truncation angle of 7°, 96.3% ͑99.5%͒ of the Mie truncation error can be ascribed to diffraction for nonabsorbing ͑absorb-ing͒ aerosol. The diffraction truncation error starts saturating at a truncation angle about 0.2°, as the diffraction cross section approaches the geometric cross section G, which corresponds to a fractional truncation error of 0.5 for nonabsorbing aerosol ͓Fig. 4͑a͔͒. From about 0.2°to nearly 10°, the truncation error changes little. Above 10°, the contribution of transmission and to a lesser degree reflection becomes significant, with the total scattering cross section approaching 2G, thereby increasing the truncation error to 0.96 at 90°. For very large absorbing aerosols, the transmission has been eliminated and a large majority of the scattered light is due to diffraction with the small remainder being due to reflection. This results in much ͑nearly a factor of 2͒ larger forward truncation errors at small angles as diffraction dominates the scattering process in all of Fig. 4͑b͒ . This explains the difference in truncation errors for nonabsorbing and absorbing aerosols noticed in Mie calculations ͑e.g., Fig. 1͒ and previously noticed by Rosen et al. 7 For smaller particles, diffraction truncation shifts to larger angles since the diffraction truncation error is a function of the product of particle size and the sine of the truncation angle ͓i.e., x sin ␣; see Eq. ͑21b͔͒, while transmission ͑for nonabsorbing and strongly absorbing particles͒ and reflection truncation errors are independent of particle size. For large (xϭ100; e.g., dϭ17.5 m at ϭ0.55 m͒ particles, agreement with Mie calculations remains very good ͓Figs. 4͑c͒ and 4͑d͔͒, while for relatively small (xϭ10; e.g., d ϭ1.75 m at ϭ0.55 m͒ particles this agreement begins to deteriorate ͓Figs. 4͑e͒ and 4͑f͔͒. However, even for relatively small particles ͑i.e., xϭ10) diffraction theory does a reasonable job in describing small angle truncation errors.
C. Large particle approximation at small angles as function of particle size
The previous section implied that diffraction theory ͓Eqs. ͑21b͒ and Eq. ͑14b͔͒ might be all that is needed to describe forward truncation errors at relative small truncation angles as common in modern integrating nephelometers. This implication is investigated further in the following. Figures 5͑a͒ and 5͑b͒ show a comparison between Mie theory for truncation angles of 1°, 3°, 7°, and diffraction theory ͓Eq. ͑21b͔͒ both for nonabsorbing ͓Fig. 5͑a͔͒ and absorbing ͓Fig. 5͑b͔͒ particles. Both Mie and diffraction results are plotted as function of the product of size parameter x and sine of truncation angle ͑i.e., x sin ␣) with the x sin ␣ scale ranging from 0.1 to 100. The corresponding size parameter scales range from 5.730 to 5730 (␣ϭ1°), 1.911 to 1911 (␣ϭ3°), and 0.8206 to 820.6 (␣ϭ7°). For these small angles, appropriate for modern nephelometers, diffraction theory is suitable to estimate relevant truncation errors. It does not reproduce the rapid oscillations that Mie theory yields for nonabsorbing particles. However, these oscillations average out for common particle size distributions anyway. For large particles, as the truncation angle increases the contributions of reflection and transmission ͑for nonabsorbing particles͒ become significant and diffraction theory predicts a smaller truncation error than Mie theory. This can be seen in Fig. 5 for ␣ ϭ7°, where at large x sin ␣, the Mie theory prediction is barely larger for absorbing particles where only reflection adds to the diffraction truncation error ͓Fig. 5͑b͔͒, but somewhat larger for nonabsorbing particles where both reflection and transmission are added ͓Fig. 5͑a͔͒. For very small particles, diffraction theory is not appropriate to describe truncation errors. However, in this Rayleigh regime, truncation FIG. 4 . Forward scattering truncation errors from Mie theory and from diffraction, transmission, and reflection: ͑a͒ very large (xϭ1000; e.g., dϭ175 m at ϭ0.55 m͒ nonabsorbing particles; ͑b͒ very large (xϭ1000; e.g., dϭ175 m at ϭ0.55 m͒ absorbing particles; ͑c͒ large (xϭ100; e.g., dϭ17.5 m at ϭ0.55 m͒ nonabsorbing particles; ͑d͒ large (xϭ100; e.g., dϭ17.5 m at ϭ0.55 m͒ absorbing particles; ͑e͒ relatively small (xϭ10; e.g., dϭ1.75 m at ϭ0.55 m͒ nonabsorbing particles; and ͑f͒ relatively small (xϭ10; e.g., dϭ1.75 m at ϭ0.55 m͒ absorbing particles.
errors are quite small and the even simpler Rayleigh theory can be used as discussed in a previous section.
While truncation errors for nonspherical particles have not been calculated here, the ''geometric optics plus diffraction'' treatment used can readily be generalized to nonspherical particles of known shape. It is expected that for most large nonspherical atmospheric particles truncation errors will be dominated by diffraction and can be evaluated by solving the appropriate diffraction integral. Possible exceptions are particles with parallel surfaces oriented perpendicular to the direction of incident light, such as oriented ice platelets, where transmitted light would contribute significantly to the truncation error.
VII. DISCUSSION
To understand nephelometers truncation errors, one needs to be aware of the scattering phase functions of both calibration media and the particles of interest. In the ideal, but totally unrealistic case, these phase functions are identical, and truncation errors can be eliminated. In practice, calibration media are gases with their well-known Rayleigh phase function, resulting in small truncation errors, while the particles of interest have an unknown size distribution resulting in poorly constrained truncation errors.
At a given truncation angle, truncation errors depend both on the particle's size and complex refractive index. For large particles most of the light scattered into the near forward direction is due to diffraction and dominates truncation errors. For typical truncation angles of about 7°, it has been shown that for relatively large particles ͑i.e., diameter larger than three time the wavelength͒ truncation errors are well described by diffraction theory alone.
For relatively large absorbing particles, it has been shown that forward truncation errors are nearly a factor 2 larger than for nonabsorbing particles due to the suppression of transmitted light, resulting in a larger contribution of forward-peaked diffraction to the scattering phase function.
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